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Abstract 
Skeletal muscle fibers are large, multinucleated cells 
which pose a challenge to the morphologist. In the 
course of studies of the distribution of the glucose 
transporter GLUT4, in muscle, we have compared 
different preparative procedures, for both light (LM) and 
electron microscopy (EM) immunocytochemistry. Here 
we show that pre-embedding staining of single teased 
fibers, or of single enzymatically dissociated fibers, has 
several advantages over the use of sections for observing 
discrete patterns that extend over long distances in the 
cells. We report on an optimiz.ation study carried out to 
establish fixation and permeabiliz.ation conditions for EM 
immunogold labeling of the fibers. We find that a simple 
fixation with depolymerized paraformaldehyde alone, 
followed by permeabiliz.ation with 0.01 % saponin, offers 
the best compromise between the conflicting demands of 
unhindered tissue penetration and morphology preserva-
tion. 
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Studies of protein localiz.ation and trafficking by 
immunocytochemistry require optimal preservation of 
cell morphology and access to all intracellular membrane 
systems by ligands such as antibodies. The two require-
ments are often in conflict, since fixatives optimal for 
morphological preservation may impede penetration of 
reagents, while permeabilizing agents may compromise 
the morphology. They are even more difficult to satisfy 
for large cells, such as skeletal muscle fibers. 
Tissue sections are frequently used as a solution to 
the morphology vs. penetration dilemma. Cryostat 
sections of muscle, for light microscopy (LM), are 
simple to prepare and to stain. Although sections are 
extremely useful, for example for screening antibodies, 
it may be difficult to convert the information they 
provide into a three-dimensional pattern, especially for 
markers that are very unevenly distributed. This is 
especially critical for muscle fibers which are organized 
in several domains, both across and along the fiber axis. 
Just below the plasma membrane lies a thin rim of 
cytoplasm containing the myonuclei and enriched in 
endoplasmic reticulum, Golgi complexes, and vesicles of 
the endosomal-lysosomal and other endocytotic and 
exocytotic pathways. Beneath this superficial layer of 
cytoplasm is the dense core of highly organized myofib-
rils which give striated muscle its characteristic appear-
ance and name. A network of internal tubules, the T-
tubules, cruise through both domains, penetrating the 
depth of the cell, while being continuous with the plasma 
membrane, and in communication with the extracellular 
space. Along the fiber, the neuromuscular junction 
(NMJ) and the myotendinous junctions constitute small 
but biologically very important differentiated domains. 
Because it occupies a large fraction of the volume of the 
fibers, the myofibrillar core of the muscle fibers is 
evident in both transverse and longitudinal muscle 
sections. In contrast, the layer of subsarcolemmal 
cytoplasm, thin and mostly perpendicular to the direction 
of sectioning, is under-represented. 
Another problem with the use of muscle se.ctions for 
localiz.ation work in light microscopy, is that the cellular 
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origin of the staining is not always clear. Skeletal muscle 
includes fibroblasts, endothelial and smooth muscle 
cells, neurons and Schwann cells at the NMJ and in 
intramuscular nerve branches, as well as satellite cells 
within the basement membrane of muscle fibers them-
selves. In sections, thin processes of these cells may be 
so close to the muscle fibers that it is difficult to resolve 
them. 
Better resolution can of course be achieved by 
electron microscopy (EM). With more awareness of the 
limitations of light microscopy for studying colocaliza-
tion of proteins in subcellular compartments (Griffiths et 
al., 1993), the practice of immunoelectron microscopy 
in trafficking and localization studies is increasing. Post-
embedding staining of ultrathin cryosections (Tokayasu, 
1986) is frequently used in such work (see, for example, 
Slot et al., 1991). A large number of sections can be 
obtained from a small volume of tissue, the staining 
procedure is simple and rapid, there is no penetration 
problem, and double staining with secondary antibodies 
conjugated to colloidal gold particles of various sizes is 
possible. A major drawback is that large sections are 
technically difficult to obtain. In the case of skeletal 
muscle, the ultrathin cryosections give a very limited 
view of the cell and the sampling problem can become 
overwhelming. In addition, only the antigens exposed on 
the surface of sections are accessible to antibodies, thus 
limiting the sensitivity of the technique. This becomes a 
problem with less abundant proteins, such as receptors 
and transport proteins. 
Recently, we have been confronted with these 
problems while studying the distribution of the glucose 
transporter GLUT4 (Birnbaum, 1992; Holman and 
Cushman, 1994) in skeletal muscle, and its redistribution 
in response to stimulation of the muscle by insulin and 
contractions (Ploug et al., in preparation). Several 
membrane systems are involved: the plasma membrane, 
the T-tubules, the Golgi complexes, the endosornal 
pathway, and specialized intracellular vesicles subjected 
to regulated exocytosis. It is important to achieve 
unrestricted access to these membrane systems and the 
ideal preparation would allow to visualize them all 
simultaneously. 
After comparing several preparative procedures for 
LM and EM immunocytochemistry, we conclude that 
single fibers, separated by mechanical teasing, in many 
respects offer the system best suited to such studies. We 
show that careful optimization of fixation and permeabi-
lization conditions allow labeling of fibers in a pre-
embedding mode that is satisfactory for both light and 
electron microscopy, and we give examples of applica-
tions of the technique. 
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Materials and Methods 
Antibodies and reagents 
P-1 is a polyclonal rabbit antibody raised against a 
synthetic peptide corresponding to the last 13 amino-
acids of the C-terminal part of GLUT4 (Ploug et al., 
1990). P-1 was affinity-purified on immobilized peptide 
and used at a concentration corresponding to an approxi-
mately 1: 1000 dilution of crude serum. The anti-dystro-
phin antibody (NCL-DYS2) was obtained from Novocas-
tra (Newcastle, UK) and used at a 1:50 dilution. Anti-
tubulin DMla was given by Dr. Steve Doxsey (Univer-
sity of Massachusetts). Rhodamine-a-bungarotoxin was 
provided by Dr. Herman Gordon (University of Arizo-
na). All fluorescent or biotinylated secondary antibodies 
and fluorescent streptavidin were from Vector Laborato-
ries (Burlingame, CA). Nanogold-conjugated Fab 
fragments and silver enhancement kits were purchased 
from Nanoprobes Inc (Stony Brook, NY) 
Cryostat sections 
Male Wistar rats (300-350 g) were anesthetized by 
intraperitoneal injection of sodium pentobarbital (5 
mg/100 g body weight). The soleus muscle was dissect-
ed out, cut into small pieces, each of which was mount-
ed in a small drop of Tissue-Tek (Miles, Elkhardt, IN) 
and frozen by rapid immersion in a beaker with isopen-
tane, cooled to near-freezing point in liquid nitrogen. 10 
µm cryostat sections were placed on 8-well Teflon 
coated glass slides and fixed for 10 min in 2 % formalde-
hyde in 0.1 M Sorensens phosphate buffer. Incubation 
with primary antibody was for 2 hours, with secondary 
biotinylated antibody for 1 hour, with fluorescein-
conjugated streptavidin for 20 min and washes were for 
3x5 min each. Sections were mounted in a drop of 
V ectashield (Vector Labs. Inc., Burlingame, CA). 
Preparation of single FDB fibers by enzymatic 
dissociation 
Fibers from the flexor digitorum brevis of rats were 
prepared according to the basic procedure of Bekoff and 
Betz (1977), and stained as described in Ralston (1993). 
Briefly, the muscle was incubated with collagenase A 
immediately after dissection. The fibers were released 
by trituration into Pasteur pipettes and plated onto glass 
coverslips coated with Matrigel, then fixed for staining. 
The staining procedure was similar to that described 
below for soleus fibers, except that shorter incubations 
and washes were used. 
Teased fibers preparation and staining for fluores-
cence and electron microscopy 
Male Wistar rats (300-350 g) were anesthetized by 
an intraperitoneal injection of sodium pentobarbital (5 
mg/100 g body weight). A canula was then placed in the 
Pre-embedding staining of muscle fibers 
Table 1: Evaluation of various fixation and permeabilization conditions for GLUT4 staining of teased, single rat muscle 
fibers 
A detailed description of the procedure is in the Methods section. Briefly, the muscle was first fixed by perfusion for 
10 min, then fixed by immersion for a additional 1 to 3 hours, with the fixative and at the temperature indicated in the 
first column (rt = room temperature). The detergent used for permeabilization was present throughout the staining. 
The quality of the morphology was judged on the basis of the following criteria: mitochondria with well-delineated 
cristae, sharp membranes, clear vesicles, Golgi complexes with stacks of cistemae, absence of holes in the cytoplasm. 
Fixation Penneabilization LM EM EM 
intensity1 intensity intensity 
2 % formaldehyde 0.25-0.5% TXlOO + 
at rt 0.25-0.5% saponin ++ 
(2% formaldehyde + 0.1-0.5% 0.1 % saponin 0 0 +(+) 
glutaraldehyde) at rt 50 % etlianol in H20 for lb +(+) + +(+) 
50% acetone in H20 for lh +(+) + +(+) 
PLP2 at rt 0.1 % saponin + 0 + 
2 % formaldehyde 0.1 % saponin ++ + + 
+ 0.2 % picric acid at rt 
2% formaldehyde at 4°C 0.1 % saponin +++ ++ ++ 
0.01 % saponin +++ +++ +++ 
1 intensity of GLUT4 staining; 0: no staining; + to + + + indicate increasing level of staining/quality; -: not done. 
2 paraformaldehyde-lysine-periodate (McLean and Nakane, 1974) 
descending aorta and the inferior vena cava was cut 
open. The hindquarter was perfused with 150 ml of 
room temperature Krebs-Henseleit bicarbonate buffer 
containing procaine hydrochloride (1 g/1) for 1.5 min 
and then with 900 ml 2 % freshly depolymerized parafor-
maldehyde in 0.1 M Sorensens phosphate buffer at 2-
60C for 9 min. The soleus muscle was excised and fixed 
at 4 °C for an additional 12 hours in the perfusion 
fixative and then transferred to PBS (phosphate buffered 
saline; 10 mM sodium phosphate (pH 7.3), 150 mM 
NaCl). Under a stereomicroscope, bundles of fragments 
of 1-3 individual muscle fibers were teased with fine 
forceps, and transferred to 50 mM glycine in PBS in a 
24-well tissue culture plate. Further blocking of non-
specific binding sites was done by incubating with IMB 
(Immuno buffer: 50 mM glycine, 0.2 % bovine serum 
albumin, 1.5 mM AEBSF (4-(2-aminoethyl)-benzene-
sulfonyl fluoride, hydrochloride; Boehringer Mannheim, 
Indianapolis, IN), and 0.05 % sodium azide in PBS) 
containing 0.01 % saponin for 30 min. Primary antibod-
ies were diluted in the same buffer supplemented with 
200 µg/ml of goat IgG and fibers were incubated on an 
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orbital shaker for 12-16 hours. Fibers were washed for 
3x30 min with blocking buffer followed by a 2 hour 
incubation with appropriate biotinylated secondary 
antibody (Vector Laboratories, Burlingame, CA) diluted 
1:1000 in blocking buffer. After 3x30 min washes in 
blocking buffer and 2x10 min washes with PBS, fibers 
were incubated for 20 min with FITC (fluorescein 
isothiocyanate) labeled streptavidin (2µg/ml, Pierce, 
Rockford, IL) and Hoechst 33242 (1 µg/ml) in PBS and 
finally mounted in Vectashield (Vector Laboratories) on 
glass slides. For mounting, bundles of fibers were 
placed in the center of a glass slide in a drop of 
Vectashield. Under a stereomicroscope, individual fibers 
were then grasped with fine forceps and aligned parallel 
to the longitudinal axis of the slide with 10-20 fibers in 
each of two columns. Fibers were examined and photo-
graphed with a Leitz DMRD microscope. 
Usually, fibers were processed in parallel for EM. 
In this case, the secondary antibody incubation was for 
2 hours with goat anti-rabbit Fab fragments conjugated 
to 1.4 nm gold (Nanoprobes Inc., Stony Brook, NY) 
diluted 1:200 in blocking buffer. Fibers were washed 
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Figure 1: Immunofluorescent staining of transverse (a, c) and longitudinal (b, d) cryostat sections of rat soleus muscle 
with antibodies to GLUT4 (a-b) and dystrophin (c-d), followed by biotinylated secondary antibodies and fluorescein-
conjugated streptavidin. GLUT4 staining is concentrated along the periphery of the fibers, as well as in rows of punctate 
staining in the core of the fibers (small arrows) and in a faint striated pattern (arrowheads, in b). The insert, in b, shows 
a fragment of a fiber in another area of the same section, where the nuclei (arrowheads) have been exposed en face by 
the cut. A perinuclear staining can be seen. Dystrophin only stains the plasma membrane. Size bar: 50 µm. 
2x20 min in blocking buffer, 2x 15 min in PBS, and then 
fixed for 1 hour at room temperature in 2.2 % glutaral-
dehyde in 0.1 M phosphate buffer, pH 7.3. After 3x10 
minutes washing in water, silver enhancement (HQ 
Silver, Nanoprobes Inc.) was done for 4-5 minutes (or 
7-8 minutes for light microscopy), followed by 3x10 
minutes washing in water and storage overnight in 0.1 
M phosphate buffer at 4 °C. Fibers were treated with 1 % 
osmium tetroxide in 0.1 M phosphate buffer for 20 min, 
rinsed once in buffer and twice in 50 % acetone, en 
block mordanted for 15-20 min in 2 % uranyl acetate in 
50 % acetone, dehydrated in a graded acetone series, 
infiltrated with epoxy resin Polybed 812 (Polysciences 
Inc., Warrington, PA), cut down to a length of about 3 
mm, horizontally embedded in flat molds and cured for 
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2-3 days at 50°C. Silver-gold interference colored 
sections were cut en face, stained for 5 min with 
aqueous lead citrate and examined in a JEOL 1200 
microscope at 60 kV. 
Confocal Microscopy 
Confocal images were collected on a laser scanning 
confocal microscope equipped with a krypton/argon 
mixed gas laser (model MRC-600; Bio-Rad Laborato-
ries, Richmond, CA), using a 63x Zeiss lens. En-
hancement of the images for presentation was done in 
Photoshop 3.0 (Adobe Systems, Mountain View, CA). 
Pre-embedding staining of muscle fibers 
Figure 2: Staining of single teased rat soleus fibers with anti-GLUT4 antibodies. At low magnification (a), all nuclei, 
some of which are marked by a small arrow, are highlighted. Dark channels in transverse or longitudinal position reflect 
the presence of blood vessels on the surface of the muscle. At higher magnification (b), details of the staining show up. 
Punctate staining surrounds the nuclei and extends between them in rows. The nuclei shown by the small arrows are 
those shown in a. The rows of punctate staining can be very long as shown in c, where only one nucleus is present 
(small arrow). Size bars: 20 µm. 
Results 
Light microscopy observation of immunostained 
muscle sections and muscle fibers 
Fig. 1 shows a transverse (a) and longitudinal (b) 
section of soleus muscle, stained with the anti-GLUT4 
antibody, P-1. We expect GLUT4 to be nearly entirely 
sequestered in intracellular vesicles in these basal fibers 
from muscles neither stimulated with insulin nor with 
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contractions (Bornemann et al., 1992; Marette et al., 
1992). The transverse section shows that staining for 
GLUT4 appears to be concentrated at the edge of the 
fibers, on or just beneath the plasma membrane. There 
is also a punctate staining inside the fibers (small 
arrows). In longitudinal sections, GLUT4 shows staining 
on or beneath the plasma membrane, and, occasionally, 
in long rows inside the fibers (small arrows), that 
probably correspond to the punctate pattern seen in 
transverse sections. There is also a fine punctate staining 
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Figure 3: Comparison between semi-thin cryosection of 
soleus (a) and confocal optical section of a soleus fiber 
(b), both stained for GLUT4. A strong punctate staining 
surrounds the nuclei which are indicated by small 
arrows. There is also a weaker punctate staining 
throughout the fiber thickness (arrowheads). In (b), the 
confocal image is taken in a plane about 10-15 µm inside 
the fiber. Size bar: 20 µm. 
that forms a striated pattern (arrowheads). Occasionally, 
the section plane coincides with the surface of the fiber 
and a perinuclear staining can be observed (arrowheads 
in the insert). In parallel, fibers were stained with an 
antibody to the protein dystrophin (Fig. 1 c and d), 
which is known to be localized just beneath the sarco-
lemma (Squarzoni et al., 1992). The staining for dystro-
phin appears much sharper than that for GLUT4, 
suggesting that GLUT4, in contrast to dystrophin, is 
spread out in a relatively wide band of cytoplasm below 
the plasma membrane. We can thus conclude that 
GLUT4 is concentrated near the plasma membrane, but 
the resolution of the staining is very limited in these 
sections at the light microscopy level. 
In contrast, when single teased fibers are stained 
and observed, the appearance of the staining is very 
different (Fig. 2). At low magnification, each nucleus of 
the fiber stands out, due to a perinuclear staining (Fig. 
2a). At higher magnification, this perinuclear staining 
appears punctate (Fig. 2b). We also observe rows of 
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dots that often course very long distances between the 
nuclei (Fig. 2c). The cross-striated staining is barely 
visible in these views that are focused on the surface of 
the fiber. Inside the fibers (not shown), the striated 
pattern can be seen, together with occasional longitudinal 
rows of stronger punctate staining that correspond to the 
rows observed on longitudinal cryostat sections (Fig. 
lb). 
Differences between staining patterns of whole-
mount fibers and sections might be due to insufficient 
permeabilization of the former. To verify that antibodies 
are in fact able to penetrate fibers that have been 
permeabilized with a low concentration of saponin 
(0.01 %), we compare the staining of a semi-thin cryo-
section of soleus (500 nm), stained without permeabiliza-
tion, to that of an optical section of a fiber, obtained 
with a confocal microscope (Fig. 3). Both images show 
some perinuclear staining (small arrows point to the 
nuclei) and finer punctate staining throughout the fiber 
(arrowheads). It is clear that the penetration through the 
whole fiber is very good. This optical section is typical 
of a depth of 10-15 µm below the surface of the fiber. 
Closer to the belly of the largest fibers (up to 50 µmin 
diameter), staining decreases, though it remains observ-
able throughout the fiber. These results show that the 
thin superficial layer of cytoplasm (1 to 2 µm deep) just 
beneath the plasma membrane, and several microns of 
the myofibril core, can be stained without restrictions. 
One disadvantage of the teased fibers is that their 
production is tedious and time-consuming. An alternative 
is to prepare single fibers by enzymatic dissociation 
(Bekoff and Betz, 1977). In this preparation, the muscle 
is not fixed by perfusion but the single fibers are fixed 
after plating onto coverslips. Rat flexor digitorum brevis 
(FDB) fibers are prepared and stained for various 
markers. FDB fibers are very short and whole fibers can 
be observed without changing field in the microscope. 
Fig. 4 shows a rat FDB fiber stained for tubulin and 
observed with a confocal microscope at two different 
depths levels, at the surface (a) and deeper inside the 
fiber (b). The staining shows that microtubules surround 
nuclei (small arrows) and form a longitudinal and trans-
verse (arrowheads) network in the fibers. The continuity 
of the staining over long distances can be observed 
easily. This pattern suggests a long-range cytoskeletal 
organization of the superficial layer of cytoplasm. A 
comparison with GLUT4 staining suggests that GLUT4 
vesicles may be aligned along microtubules. 
Pre-embedding EM immunogold staining of muscle 
fibers 
Because we are interested in a detailed quantitative 
and qualitative analysis of GLUT4 distribution, the 
staining also needs to be observed and interpreted at the 
Pre-embedding staining of muscle fibers 
electron microscopy level. We reasoned that the staining 
of the whole fibers in pre-embedding mode could be 
extended to electron microscopy. Soleus fibers are 
stained with anti-GLUT4 and subsequently by a Fab 
fragment covalently coupled to a 1.4 run gold cluster, 
followed by silver enhancement. With silver enhance-
ment for 7-8 min, the staining can be observed in bright 
-field light microscopy (Fig. 5). The pattern is entirely 
comparable to that observed in immunofluorescence 
(Fig. 2). 
To decide on the best possible conditions of fixation 
and permeabilization of the fibers, an optimization study 
was carried out, that took advantage of parallel process-
ing for LM and EM. Combinations of fixatives and per-
meabilization methods (see Table 1) were first tested in 
LM to observe the overall degree of staining. For con-
ditions that appeared satisfying, the fibers were then 
embedded, sectioned, and viewed in the electron micro-
scope. As a standard to assess the general morphology 
of the samples, we examined sections from muscle fixed 
by perfusion with 2.5 % glutaraldehyde, and processed 
without teasing the fibers apart. Among the various 
combinations tested, we found that fixation with cold 
formaldehyde alone and permeabilization with 0.01 % 
saponin give the best results as judged by the degree of 
staining and the quality of the morphology. Fig. 6 shows 
electron micrographs of GLUT4-stained soleus fibers. 
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Figure 4: Rat FDB fiber, 
prepared by enzymatic dissoci-
ation, stained with anti-
tubulin, and observed with a 
confocal rmcroscope: (a) 
image recorded at the surface; 
(b) image recorded within the 
fiber. Tubulin surrounds the 
nuclei (small arrows) and 
forms a longitudinal network 
(a and b). At the surface, it 
also forms a transverse net-
work (arrowheads). Size bar: 
20 µm. 
The first panel (a) demonstrates that the plasma mem-
brane is devoid of staining. A high density of gold/silver 
grains is found in vesicles close to the nucleus and in the 
trans-Golgi area. Inside the fiber (b), mitochondria and 
elements of sarcoplasmic reticulum, some of which are 
labeled, are aligned between bundles of myofibrils. T-
tubules are especially noticeable at triad junctions, 
shown in (b) and (c), and are unlabeled in this unstimu-
lated muscle. 
The level of staining with the pre-embedding tech-
nique is much higher than that obtained with ultrathin 
cryosections (Ploug et al., in preparation). Another 
attractive feature of the technique is that very long 
stretches of fibers can be followed in each section. 
Junctional vs. extra-junctional staining in muscle 
fibers 
There is great interest in proteins concentrated at 
the NMJ, since they may be involved in the formation 
and maintenance of the nerve-muscle synapse (Hall and 
Sanes, 1993). Therefore, we were intrigued to see 
GLUT4 concentrated at the NMJ, in cryostat sections 
double-stained with the anti-GLUT4 antibody and with 
rhodamine-a-bungarotoxin, a ligand of the acetylcholine 
receptor clustered at the NMJ (not shown). However, 
since GLUT4 is concentrated around myonuclei, in-
creased staining at the NMJ may just reflect the cluster-
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Figure S: Single fiber stained with anti-GLUT4, followed by a nanogold-conjugated Fab fragment and extended silver 
enhancement, and photographed in bright-field optics. The pattern compares well with that observed in Fig. 2 by 
immunofluorescence. Size bar: 50 µm. 
Figure 6: Electron micrograph of a single fiber stained with anti-GLUT 4, followed by a nanogold-conjugated Fab and 
short silver enhancement: (a): close to the plasma membrane (PM), which is unlabeled, heavy gold labeling of the trans 
region of a Golgi complex (G) located near a nucleus (N); (b): deeper in the fiber, sarcoplasmic reticulum (Sand small 
arrows) is specifically labeled but junctional T-tubules (arrowhead) are not. Some staining over the myofibrils (MF) 
may result from staining of underlying SR or from low level of background staining, though non-specific staining of 
nuclei and mitochondria is very low; (c): detail of (b) showing unstained triad junctions (arrowheads), at the border 
between the A and I bands; M: mitochondria. Size bars: 200 nm (a); 500 nm (b); 200 nm (c). 
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Pre-embedding staining of muscle fibers 
Figure 7: A bundle of three soleus fibers double-stained 
with anti-GLUT4 (a) and rhodamine-a-bungarotoxin (b). 
Junctional nuclei (large arrows) are clustered but do not 
show more GLUT4 staining than extra-junctional nuclei 
(small arrows). Size bar: 20 µm. 
ing of the several endplate nuclei at the NMJ. In con-
trast, extra-junctional nuclei are generally single and 
more or less evenly spaced along the fibers. 
When whole fibers are stained with anti-GLUT4 and 
rhodamine-a-bungarotoxin, the NMJ nuclei are easily 
detectable (Fig. 7). The level of staining around these 
nuclei appears no different from that around the extra-
junctional nuclei in the same fiber. In muscle fibers 
processed for EM, the NMJ can be recognized by the 
pre-synaptic elements which often remain attached to the 
muscle fibers during teasing, and by the characteristic 
folds of the post-synaptic muscle membrane (Fig. Sa). 
GLUT4 staining at the NMJ is mostly seen in the trans 
Golgi area (Fig. 8b) and does not appear more intense 
than elsewhere. These data suggest that GLUT4 concen-
tration at the NMJ does not result from increased local 
transcription or translation of the GLUT4 gene, in 
contrast to the acetylcholine receptor and a number of 
other genes (Hall and Sanes, 1993). 
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Figure 8: EM view of the NMJ in a soleus fiber immu-
nolabeled for GLUT4. (a): the characteristic shape of 
the NMJ is easily recognized at low magnification, with 
folds of the muscle membrane (arrowhead) close to a 
junctional nucleus (N), surrounding a nerve terminal 
(T). GLUT4 is mostly in the trans region of the Golgi 
complexes (G). M: mitochondria; MF: myofibrils.(b): 
enlarged fragment of a neighboring section of (a) 
showing GLUT4 labeling in the Golgi complex (G) 
between the nucleus (N) and the muscle membrane folds 
(arrowheads) near the nerve terminal (T). The layer of 
extracellular matrix present between pre- and post-
synaptic membranes and in the post-synaptic membrane 
folds can be seen. Size bars: 500 nm (a); 200 nm (b). 
Discussion 
This paper demonstrates that whole muscle fibers 
are preferable in many respects to sections, whether thin 
or thick, for studies of subcellular organization in 
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muscle; and that fixation and permeabilization conditions 
can be optimized to allow penetration of antibodies 
throughout the muscle fibers, while maintaining a 
satisfactory morphology. 
We believe the first point is well illustrated by a 
comparison of the information provided by the sections 
shown in Fig. 1 a-b and the whole fibers shown in Fig. 
2. The latter demonstrate much more strikingly the 
perinuclear pattern of GLUT4, which corresponds to 
staining in the trans part of the Golgi complex, or in the 
trans Golgi network (Ploug et al., in preparation). The 
elusiveness of this pattern in sections results from its 
spatial geometry. From many observations on both 
conventional and confocal microscopes, we know that 
the perinuclear staining and the long rows observed in 
Fig. 2, b-c, are in the thin rim of cytoplasm, just below 
the plasma membrane. If we assume, for simplicity, that 
the fibers are cylindrical, then this cytoplasmic staining 
covers the surface of a cylinder. No single planar section 
through this cylinder will encounter more than a few 
elements of the staining. Since the fibers, in reality, are 
more polygonal than cylindrical (see Fig. 1), occasional 
sections will expose the staining pattern that is routinely 
seen in whole mounts (see insert in Fig. lb). From our 
experience, however, this is rare. 
Similarly, the simultaneous observation of junctional 
and extra-junctional areas in whole fibers (Figs. 7 and 
8), explains the apparent enrichment of GLUT4 at the 
NMJ observed in transverse muscle sections. In this as 
in the previous example, results from sections appear 
misleading. 
Although teased fiber preparations still contain non-
muscle cells, for example in fragments of blood vessels 
(not shown) or at the NMJ (Fig. 8), non-muscle staining 
can be resolved from staining of the muscle fibers, 
because the spatial organization of the cellular structures 
can be observed in these whole-mounts. 
At the EM level as well, at least in our hands, pre-
embedding labeling, which allows penetration of the 
antibodies throughout the fiber, gives a much stronger 
labeling than that obtained with ultrathin cryosections, 
even if we use the same combination of secondary 
antibody and of silver enhancement (Ploug et al., in 
preparation). This is not totally unexpected since label-
ing of sections is limited to epitopes exposed on the 
surface. The size of the secondary antibody and of the 
gold is critical : we did not observe any staining in 
muscle fibers when we used a 5 nm gold-conjugated 
secondary antibody. By using a Fab fragment with a 
small gold cluster (Hainfeld, 1987; Hainfeld and Furuya, 
1992), instead of a complete IgG adsorbed to colloidal 
gold, we obtain much better penetration. 
The choice and concentration of detergent used for 
perrneabilization is important. We find a better retention 
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of labeling and of cytoplasmic vesicles with saponin than 
with Triton X-100 and with lower detergent concentra-
tions (0.01-0.02% compared to 0.1-0.5%; see Table). 
The low degree of staining when Triton or higher 
concentrations of saponin are used, is probably due to 
extraction, which is not prevented by the relatively light 
fixation (Goldenthal et al., 1985). There may be some 
interaction between saponin and serum since we find that 
saponin concentration has to be increased to 0.02 % if 
the blocking/incubation buffer contains normal goat 
serum (3 %). Generally we use purified goat IgG instead. 
Other techniques used for permeabilization, for example 
treatment with 50% ethanol or acetone in water, also 
work, at least to some extent. Ethanol perrneabilization 
has been successfully employed in studies of CNS 
vibratome sections (Llewellyn-Smith and Minson, 1992). 
In fact, ethanol and acetone allow penetration of antibod-
ies even after fixatives containing up to 0. 5 % glutaralde-
hyde. In contrast, even 0.1 % saponin does not allow 
penetration in these conditions. However, the combina-
tion of saponin and cold formaldehyde gives better 
overall results than combinations that include some 
glutaraldehyde. 
It is worth mentioning that some muscle studies 
bypass the problem of penetration by using skinned 
muscle fibers, generally from the rabbit psoas, prepared 
by mechanical (Wang and Wright, 1988) or chemical 
(Brenner, 1993) skinning of the sarcolemma. These 
preparations, useful as they may be, cannot be used for 
studies of trafficking from and to the plasma membrane 
itself. 
Enzymatically dissociated muscle fibers represent 
an interesting alternative to teased fibers. The rapidity 
and ease of obtaining many fibers is remarkable and the 
fibers can be maintained alive and cultured for several 
days. However, in its original formulation (Bekoff and 
Betz, 1977), this technique appears solely suited to the 
preparation of fibers from the flexor digitorum brevis 
muscle of rodents , a multi-pennate muscle with very 
short fibers, predominantly of type Ila. Recently, 
however, a modified protocol has been proposed that 
extends enzymatic dissociation to other muscles as well 
(Rosenblatt et al., 1995). It is possible, then, that the 
preparation of whole fibers will become easier, making 
it definitely the tool of choice in many cell biological 
studies. 
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Discussion with Reviewers 
N. Jones: How adaptable are these techniques with other 
tissue types? 
Authors: These techniques have also been used with 
cells in culture: differentiated PC12 cells (Tanner et al., 
1996) and myotubes of the skeletal mouse muscle cell 
line C2 (Ralston and Ploug, 1996). For each, some 
optimization of the fixation/ incubation conditions was 
necessary. 
The limitations are that for each tissue there is a 
minimum degree of fixation below which the morpholo-
gy is not acceptable for electron microscopy, and there 
is a maximum degree of fixation beyond which penetra-
tion of antibodies and/or antigenicity are lost. For some 
tissues and antibodies it may be difficult to optimize both 
at the same time. There are, however, many different 
fixatives and ways of permeabilizing tissues, and where 
the conventional ones fail, it may be well worth trying 
new ones. Then the limit shifts to one of time and effort 
required. 
N. Jones: Why does the fixation step at 4°C versus 
E. Ralston and T. Ploug 
room temperature retain better antigenicity? 
Authors: Fixation at lower temperatures prevents 
extraction of the lipids, which are not fixed by formalde-
hyde, and autolysis (see, for example, the discussion by 
M. A. Hayat in Principles and Techniques of Electron 
Microscopy, CRC Press, 1989). Again, the fixation 
temperature may be more or less critical depending on 
tissue and antigen. 
We have not tried lower percentages of formalde-
hyde. Recently, we have used shorter antibody incuba-
tion times for muscle fibers, with success. For the 
thinner cells in cultures, we always use shorter incuba-
tion times (2 hours for primary antibody, one hour for 
secondary antibody). 
N. Jones: You indicated that the superior results with 
the detergent saponin versus Triton X-100 may be due 
to greater extraction with Triton X-100. Have you 
biochemically determined that this is the case? 
Authors: No, we have not done so. Indirect arguments 
supporting extraction rather than, for example, change 
in antigenicity of the epitopes, can be found in the paper 
by Goldenthal et al. (1985). 
C. Franzini-Armstrong: I am concerned about an 
apparent discrepancy in the pattern of antibody labeling 
that is obtained in the whole fiber approach versus the 
cryosections. There are two clear differences between 
the images presented here for the two approaches: the 
images from cryosections totally fail to show the ring of 
antibody positive dots that so clearly surround the nuclei 
in the whole fibers. Similarly, the punctate nature of the 
"staining" is not visible in the cryosections. I do not 
believe that the geometrical argument used in the 
manuscript is correct. For example, the subsarcolemmal 
pattern of small antibody positive dots should be very 
clearly visible in cross sections such as those shown in 
Fig. la, provided that the sections are observed in a 
confocal microscope. Have the authors observed the 
cryosections under the same optical conditions as the 
whole fibers? 
Authors: We do not believe there is any major qualita-
tive discrepancy in the labeling obtained in the whole 
fiber approach compared to semithin cryosections. The 
advantage of the former approach is complete viewing 
access to staining patterns of structures localized in the 
thin subsarcolemmal cytoplasmic rim. In contrast, 
cryosections only render this view in rare areas where 
the section plane grazes the surface of a fiber. This is 
the essence of our "geometrical argument". The thin 
sheet-like character of the subsarcolemmal GLUT4 
pattern can best be appreciated by projection and 3D 
reconstruction of serial confocal images, which are not 
shown here. An insert in Fig. 1 now shows a fragment 
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from another area in the same section, in which the 
perinuclear staining appears. However, the staining is 
not very crisp, in part because these images are not 
confocal, and in part because the morphology of these 
10 µm-thick cryostat sections of unfixed and non-cryo-
protected tissue is generally less well preserved than that 
of semithin (500nm) cryosections of fixed and cryo-
protected tissue. For semithin cryosections (Fig. 3a), the 
staining pattern appears similar to what is seen in optical 
sections of whole fibers (compare Fig. 3a and 3b), with 
the note of caution that, at least in our hands, the 
morphology of sections, even semithin and ultrathin, is 
still not as good as that of the whole fibers. Further-
more, it should be kept in mind that in well preserved 
semithin cryosections, only antigens close to the upper 
section surface will be labeled (for a discussion of 
labeling efficiency of sections see "Fine Structure 
Immuno-cytochemistry" by G. Griffiths (Springer-
Verlag, 1993)). In contrast, the whole thickness of an 
optical section from a permeabilized fiber is stained and 
the confocal section shown in Fig. 3b may be thick 
compared to the stained depth of the cryosection. 
Finally, it is worth pointing out that the observation 
of whole fibers, confocal or not, offers an enormous 
sampling advantage over the observation of sections. In 
the former case, the whole surface and interior of the 
fiber can be scanned, laterally and in-depth, in order to 
find areas that have the best orientation and the best 
examples of typical staining elements. Cryosections, in 
contrast, are small to start with, and, as mentioned 
earlier, their overall labeling efficiency is not as high as 
in the whole fiber approach. 
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